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Abstract
The explanation of the small neutrino mass can be depicted using some handsome models like
type-I and inverse seesaw where the Standard Model gauge singlet heavy right handed neutrinos
are deployed. The common thing in these two models is a lepton number violating parameter,
however, its order of magnitude creates a striking difference between them making the nature of
the right handed heavy neutrinos a major play factor. In the type-I seesaw a large lepton number
violating parameter involves the heavy right handed neutrinos in the form of Majorana fermions
while a small lepton number violating parameter being involved in the inverse seesaw demands the
pseudo-Dirac nature of the heavy right handed neutrinos. Such heavy neutrinos are accommodated
in these models through the sizable mixings with the Standard Model light neutrinos. In this paper
we consider the purely inverse seesaw scenario to study the pair production of the pseudo-Dirac
heavy neutrinos followed by their various multilepton decay modes through the leading branching
fraction at the Leading Order and Next-to-Leading Order QCD at the LHC with a center of mass
energy of 13 TeV and a luminosity of 3000 fb−1. We also consider a prospective 100 TeV hadron
collider with luminosities of 3000 fb−1 and 30000 fb−1 respectively to study the process. Using
anomalous multilepton search performed by the CMS at the 8 TeV with 19.5 fb−1 luminosity we
show prospective search reaches of the mixing angles for the three lepton and four lepton events
at the 13 TeV LHC and 100 TeV hadron collider.
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I. INTRODUCTION
The Large Hadron Collider(LHC) has successfully discovered the Higgs boson at the Run-
I. Such observations play important roles to establish the properties of the Standard Model
(SM), however, there are still some open questions yet to be answered. One of them is related
to the neutrino mass. In the SM the neutrinos are considered to be massless. Experimental
observations [1–5] being supported by well motivated theoretical works [6–16] hinted that
the fact of ‘masslessness’ of the SM neutrinos is questionable. Such developments led to
another important idea in the form of a dimension five operator [17] within the SM which
invited a drastic change in the viewpoint of the neutrino physics through the birth of seesaw/
type-I seesaw mechanism [18–24]. The recent days experiments verified the existence of the
tiny SM light neutrino mass and the flavor mixings [25–32].
In case of the seesaw mechanism the SM gauge singlet heavy right handed Majorana
neutrinos induce a dimension five operator to produce a very small light Majorana neutrino
masses. In this case the heavy Majorana mass term is used as a suppression factor to
generate the light neutrino mass. Depending upon the variation of the seesaw scale from
the intermediate to the electroweak scales, the Dirac Yukawa coupling (YD) varies from the
electron Yukawa coupling up to the top quark Yukawa coupling, e.g., from O(10−6) to O(1)
respectively. At the high energy hadron colliders such as LHC in Run-II with a center of
mass energy 13 TeV [33] and a hadron collider at the center of mass energy 100 TeV [34–37],
such heavy neutrinos could be produced if they have masses in the TeV scale or below.
Being singlets under the SM gauge group, the heavy neutrinos can only be produced at the
colliders from the charged current and neutral current interactions mediated by the weak
gauge bosons only through the mixings via the Dirac Yukawa couplings. Having the neutrino
masses in the TeV scale or lower in the type-I seesaw model, the Dirac Yukawa coupling
becomes extremely small, e. g, O(10−6). Which is an unavoidable obstacle to observe a
versatile repertoire of the heavy right handed Majorana neutrinos in this milieu.
There is a possible alternative to us which arrives in the form of inverse seesaw mechanism
[38–42] where a small lepton number violating parameter becomes responsible to generate
the tiny neutrino mass. Due to the smallness of the lepton number violating parameter,
the heavy neutrino is pseudo-Dirac in nature. The Dirac Yukawa coupling between the SM
lepton doublets, Higgs doublet and the heavy right handed neutrino could be O(1) while
satisfying the neutrino oscillation data. Such pseudo-Dirac neutrinos can be produced at
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the 13 TeV LHC and a hadron collider at the center of mass energy 100 TeV which can be
the ‘The Bishop’s Candlesticks’ in the voyage of the Beyond the Standard Model (BSM)
physics.
Apart from the seesaw and the inverse seesaw mechanisms [43–112], the SM can be
extended by an SU(2) triplet scalar in the type-II seesaw [113–126] model. The triplet
scalar has neutral and charged multiplets giving rise to not only the neutrino mass but also
a rich phenomenology in terms of the multilepton modes [127–130]. There is another type
of neutrino mass generation mechanism, commonly known as the type-III seesaw where an
SU(2) triplet fermion is introduced to extend the SM to generate the neutrino mass through
lepton number violation [131–138]. The production of such triplets at the NLO-QCD level
has been studied in [139]. Apart from these possibilities there are studies on the higher-
dimensional operators at the TeV scale which can be considered to generate the neutrino
mass. Such models can also be tested at the LHC [140–142] in near future.
In this paper we consider the purely inverse seesaw model to produce the heavy neutrinos
in pair at the hadron colliders from the neutral current interaction. The draft is arranged as
follows. In Sec. 2 we discuss the neutrino mass generation mechanisms and the interaction
Lagrangians between the right handed heavy neutrinos and the SM gauge bosons. In Sec. 3
we give the scale dependent Leading Order (LO) and Next-to-Leading Order QCD (NLO-
QCD) cross sections of the pseudo-Dirac heavy neutrino pair production at the hadron
colliders. We discuss the various decay modes of the heavy neutrinos at the scale dependent
LO and NLO-QCD processes in Sec. 4. We give prospective scale dependent upper bound
on the mixing angles between the heavy neutrinos and the SM light neutrinos at the 13
TeV LHC with 3000 fb−1 luminosity and at a 100 TeV hadron collider with 3000 fb−1 and
30000 fb−1 luminosities respectively. To do this we use the anomalous multilepton search
performed by the CMS at the 8 TeV LHC with 19.5 fb−1 luminosity[143]. The conclusions
are written in Sec. 6.
II. NEUTRINO MASS GENERATION MECHANISM
An SM-singlet right handed heavy Majorana neutrino NβR , with β as the flavor index ,
is introduced in the type-I seesaw model. The SM lepton doublets (`αL), SM Higgs doublet
Φ and NβR are coupled through the Dirac Yukawa coupling YD. The relevant part of the
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Lagrangian can be written as
Lseesaw ⊃ −Y αβD `αLΦNβR −
1
2
mαβN N
αC
R N
β
R + H.c.. (1)
After the spontaneous Electroweak symmetry breaking (EWSB) by the vacuum expectation
value (VEV), Φ =
 v√2
0
, we get the Dirac mass matrix as mD = YDv√2 . Using the Dirac and
Majorana mass matrices the neutrino mass matrix is written as
mseesawν =
 0 mD
mTD mN
 . (2)
Diagonalizing Eq. 2 we obtain the seesaw formula for the light Majorana neutrinos as
mseesawν ' −mDm−1N mTD. (3)
For the heavy neutrino mass O(100 GeV), we may find Dirac Yukawa coupling O(∼ 10−6)
with mseesawν ∼ 0.1 eV.
On the other hand in the inverse seesaw(ISS) mechanism, the light Majorana neutrino
mass is generated through a tiny lepton number violating mass term. The relevant part of
the Lagrangian is written as
LISS ⊃ −Y abD `aLΦN bR −mabNSaLN bR −
1
2
µabSaLS
bC
L + H.c., (4)
where NaR and S
b
L are two SM-singlet heavy neutrinos with the same lepton numbers, mN
is the Dirac mass matrix, and µ is a small lepton number violating Majorana mass matrix.
After the EWSB we get the neutrino mass matrix
mISSν =

0 mD 0
mTD 0 m
T
N
0 mN µ
 . (5)
Diagonalizing Eq. 5 we obtain the light neutrino mass eigenvalue as
mISSν ' mDm−1N µm−1
T
N m
T
D. (6)
It is clear from the Eq. 6 that the light neutrino mass is proportional to the small lepton
number violating mass term, µ. Which allows the mDm
−1
N parameter to be O(1) even for
the heavy right handed neutrino at the electroweak scale. Due to the smallness of the scale
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of the lepton number violating mass term µ in comparison to the scale of mN , the right
handed heavy neutrinos become the pseudo-Dirac fermions in nature. Which is a striking
difference between the type-I and inverse seesaw mechanisms 1. See, for example, [144–151]
for the interaction Lagrangians and the partial decay widths of the heavy neutrinos.
In this context it must be mentioned that such scenarios can also be found with equal
importance for another neutrino mass generation model called linear seesaw(LS)[152–155].
To study such scenario, we generalize the ISS mechanism which results into a neutrino mass
matrix in the (νL, N
c
L, SL) basis such as
mgenν =

0 mD δ
T
mTD m m
T
N
δ mN µ
 . (7)
In the general mass matrix given in Eq. 7 if δ → 0, δT → 0 and m→ 0 (or extremely small
compared to the other elements so that we can neglect them due to simplicity)[142], then a
purely inverse seesaw scenario is arrived. A pure linear seesaw can be obtained while m→ 0
and µ→ 0. Hence diagonalizing Eq. 7 we can write the light neutrino mass as
mLSν = m
T
Dm
−1
N δ + δm
−1
N mD. (8)
Depending upon the choice of the generations we can consider a minimal linear seesaw
scenario, as carefully cultivated in [155]. In Eq. 7 there is another scenario which is obtained
using m → 0. Such scenario is a mixed situation where the contributions from the ISS
and the LS are both possible. In such case the light neutrino mass term is a combination
of Eqs. 6 and 8, however, the ranks of the matrices can be fixed with the choice and the
simplicity of the models. There is another possibility in the inverse seesaw mechanism when
µ→ 0 and the mass term m can be generated radiatively [156–158], satisfying the neutrino
oscillation data. A two loop analysis of the neutrino mass generation mechanism in the B−L
framework has been studied in [159]. In our paper we specially consider the purely inverse
seesaw model for the pair production of the heavy neutrinos at the high energy colliders.
For the above neutrino mass models, the flavor eigenstate (ν), of the SM neutrino can be
expressed as a combination of the light Majorana neutrino mass eigenstate (νm) and that of
1 The order of smallness of the lepton number violating parameter in the inverse seesaw case has been
studied in Ref. [145] for different flavor structures and general parameterizations.
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the heavy Majorana neutrino (Nm). Such dependence can be expresses as
ν ' νm + V`NNm, (9)
where V`N is the mixing between the SM neutrino and the SM gauge singlet right handed
heavy neutrino assuming a small mixing, |V`N |  1. Thus, the charged current interaction
for the heavy neutrino in terms of the mass eigenstates can be expressed as
LCC ⊃ − g√
2
Wµe¯γ
µPLV`NNm + H.c., (10)
where e denotes the three generations of the charged leptons in the vector form, and PL =
1
2
(1− γ5) is the projection operator. Similarly, in terms of the mass eigenstates the neutral
current interaction is written as
LNC ⊃ − g
2cw
Zµ
[
Nmγ
µPL|V`N |2Nm + {νmγµPLV`NNm + H.c.}
]
, (11)
where cw = cos θw with θw being the weak mixing angle. In this paper we concentrate on
the neutral current interaction which is responsible for the heavy neutrino pair production
LNCpair ⊃ −
g
2cw
ZµNmγ
µPL|V`N |2Nm. (12)
The production cross section is proportional to the fourth power of the mixing angle (|V`N |4).
This process is phenomenologically very rich due to the pair production of the heavy neu-
trinos and the further decays of the heavy states into various modes, .
The partial decay widths of the heavy neutrino into the weak gauge bosons (W and
Z) and SM Higgs boson (Φ) with associated leptons (W`) and missing transverse energy
(Zν,Φν) are given as
Γ(N → `W ) = g
2|V`N |2
64pi
(m2N −m2W )2(m2N + 2m2W )
m3Nm
2
W
,
Γ(N → ν`Z) = g
2|V`N |2
128pic2w
(m2N −m2Z)2(m2N + 2m2Z)
m3Nm
2
Z
,
Γ(N → ν`Φ) = |V`N |
2(m2N −m2h)2
32pimN
(
1
v
)2
. (13)
with mW , mZ and mΦ as the W , Z and Φ masses respectively. The partial decay width of
heavy neutrino into the charged gauge bosons being twice as large as that of the neutral one
due to the two degrees of freedom (W±). The branching ratios BRi (= Γi/Γtotal) of each
decay modes of the right handed heavy neutrino as a function of its mass (mN) are plotted
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FIG. 1: Branching rations of different decay modes of the right handed heavy neutrino as a function
of the its mass (mN ).
in Fig. 1. It should be interestingly noted that for larger values of mN , the branching ratios
can be obtained as
BR (N → W`) : BR (N → Zν) : BR (N → Φν) ' 2 : 1 : 1. (14)
and such ratios has to be maintained for correct and flawless analysis2.
2 In this context, we should mention that in Ref.[160] the pair production of the heavy neutrino has
been studied in the Z ′ inspired model which comes from the U(1)′ extensions of the SM where the mass
generation of the SM neutrinos will be possible only through the seesaw mechanism. The heavy neutrinos
will also have three generations to get rid of the U(1)′ anomalies. Due to the Seesaw mechanism, the
flavors will be carried out through the Dirac Yukawa coupling and as a result the Flavor non-Democratic
(FND) case will be evolved. The striking difference with this paper is, we are working on the inverse seesaw
framework where the lepton flavor violation mass term is too small so that a Flavor Democratic (FD)
case can be observed keeping the Dirac Yukawa coupling as a diagonal matrix while µ is non-diagonal.
The effect of µ is too small, so that it will have no effect in the signal. In case of Ref.[160], they have
worked with the Majorana right handed neutrinos and seesaw mechanism. In case of seesaw mechanism
FD case can never be observed. Inverse seesaw is the only possible extension to study the neutrino mass
generation technique where both of the FND and FD cases could be observed, however, in the FND case
lepton flavor violation constraints will be applied as discussed in [145].
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FIG. 2: Pair production of the heavy neutrinos in the inverse seesaw framework at the LO and
NLO-QCD orders. The Born process/ LO is given in (a). NLO diagrams including the virtual
corrections (b− d) and real emissions (e− h) are also shown.
III. SCALE DEPENDENT PAIR PRODUCTION OF THE HEAVY NEUTRINOS
AT THE HADRON COLLIDERS AT THE LO AND NLO-QCD LEVELS
Implementing the inverse seesaw model in the event generator MadGraph5-aMC@NLO [161–
163], we calculate the production cross section of the heavy neutrino pair at the LO and
NLO-QCD levels. The relevant Feynman diagrams of the production processes are given
Fig. 2 where the LO production (Born level) channel is shown in (a). In Fig. 2(b − d)
and in Fig. 2(e − h) the virtual corrections and the real emission processes are shown
respectively. The event generator uses MADLOOP[164] to calculate the one loop processes
using Ossola-Papadopoulos-Pittau OPP[166] integrand-reduction procedure implemented in
CutTools[167]. The Born process and the real emission processes are calculated using
MadFKS[165] through the integration and matching scheme of the MC@NLO. The subtrac-
tion method has been taken care of by FKS[168] formalism in MadFKS. PYTHIA6.4 for the
LO and PYTHIA6Q for the NLO processes[169] bundled with MadGraph perform the show-
ering and the hadronization of the events using the anti-kT algorithm which clusters the
jets using FastJet[170]. In calculating the parton level cross sections we used CTEQ6L1
(CTEQ6M) parton distribution functions (PDF) for the LO (NLO) processes through the
MadGraph5-aMC@NLO choosing αs(mZ) = 0.130 in CTEQ6L1 for LO and αs(MZ) = 0.1180
in CTEQ6M for NLO as given in [171]. We have considered that mZ = 91.188 GeV,
mW = 80.423 GeV and GF = 1.166 × 10−5 GeV−2 as the electroweak input parameters.
The αQED = 1/132.54 and sin
2 θW = 0.22217 are computed via LO electroweak relations.
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FIG. 3: Scale variation of the heavy neutrino pair production at the LO and NLO-QCD levels at
the 13 TeV LHC different masses of the heavy neutrino. The upper left panel stands for mN = 95
GeV and the upper right panel stands for mN = 100 GeV. Whereas the lower left panel stands for
mN = 300 GeV and the lower right panel stands for mN = 500 GeV.
We have calculated the cross-sections fixing the mass of the heavy neutrino (mN) at
the LO level varying the factorization scale (µF ). The LO cross section varies due to the
variation in the factorization scale (µF ) because of the PDFs according to
µLOF = ξ ∗mN with 0.1 ≤ ξ ≤ 10. (15)
where ξ is the scale factor. On the other hand the NLO cross section depends not only on
the µF but also on the renormalization scale (µR). The effect of µF comes in the NLO cross
section through the PDFs whereas that of the µR is involved in the NLO cross section due
to the strong coupling, αs(µR).
The scale dependent cross sections have been produced being normalized by the fourth
power of the mixing angle (|V`N |4) which is indicated from Eq. 12. In Fig. 3 we systematically
produce the heavy neutrino pair at the 13 TeV LHC at the LO level for the different masses
such as mN = 95 GeV, 100 GeV, 300 GeV and 500 GeV with 0.1 ≤ ξ ≤ 10 according to
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FIG. 4: Scale variation of the heavy neutrino pair production at the LO and NLO-QCD levels at
the 100 TeV LHC for the different heavy neutrino masses. The upper left panel stands for mN = 95
GeV and the upper right panel stands for mN = 100 GeV. Whereas the lower left panel stands for
mN = 300 GeV and the lower right panel stands for mN = 500 GeV.
Eq. 15 at the LO. We have also displayed the theoretical scale uncertainties of the NLO-
QCD processes for the variations in µF and µR in Fig. 3. For the NLO-QCD analysis we
have made three choices between µF and µR, which are
µNLOF = µ
NLO
R = ξ ∗mN
µNLOF = mN , µ
NLO
R = ξ ∗mN
µNLOF = ξ ∗mN , µNLOR = mN . (16)
µNLOF and µ
NLO
R are the factorization and renormalization scales at the NLO-QCD level.
For mN = 95 GeV, the LO cross-section(σ
LO) varies up to a factor of 1.43 while the scale
varies within a range 0.1 ≤ ξ ≤ 10. A considerable amount of theoretical uncertainty has
been noticed from the LO results because of the quark-antiquark (qq) PDFs are involved
at the partonic level. In this case each PDF is dependent upon µLOF and ξ according to
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Eq.15. On the other hand in the NLO-QCD processes, the ξ dependence comes from the
PDFs through µNLOF and also from the strong coupling, αs(µR) according to Eq. 16 at the
parton level. The NLO PDFs are involved in the quark-antiquark (qq), quark-gluon (qg)
and antiquark-gluon (qg) interactions through the strong coupling constant and hence the
strong scale dependent part cancels among themselves. As a result a soft scale dependence
has been observed for the NLO-QCD processes compared to the LO process. At the 13 TeV
in Fig. 3 with mN = 95 GeV the cross section at the NLO-QCD process is increasing when
the factorization scale is fixed at mN but the renormalization scale is varying as ξ ∗mN . In
the other two choices the cross section is decreasing depending up on the choices. Where as
for mN = 100 GeV the cross sections are more stable and the same situation is noticed for
mN = 300 GeV and mN = 500 GeV. However, for higher masses the NLO cross sections are
stable.
Following the Eqs. 15 and 16 we have also performed the scale dependent pair production
of the right handed heavy neutrinos at the 100 TeV hadron collider. In Fig. 4 we have shown
the production cross sections for the LO and NLO-QCD processes normalized by |V`N |4 for
four different choices of the right handed heavy neutrino masses like the 13 TeV LHC case.
Compared to the 13 TeV case, a very sharp scale dependence of a factor of 3 has been
noticed at the LO level for the masses 95 GeV, 100 GeV and 300 GeV whereas for the 500
GeV the scale dependence at the LO level is weaker compared to others. In the NLO-QCD
level, we have noticed weaker scale dependence compared to the LO case. However, for
mN = 500 GeV at the NLO-QCD level the cross sections are more stable compared to the
cases mN < 500 GeV. This is due to the effect of αs(ξ ∗mN). The scale variation in the
pair production cross section as a function mN has been shown in Fig. 5 for the 13 TeV
LHC and that for the 100 TeV hadron collider is shown in Fig. 6. In the further analysis
we will be considering the 13 TeV LHC at the 3000 fb−1 luminosity which is also called the
High Luminosity LHC (HL-LHC). The 100 TeV hadron collider will be a new age proposed
high energy collider. We will take 3000 fb−1 and 30000 fb−1 luminosities into our account
for further analyses at 100 TeV.
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FIG. 5: Scale dependent heavy neutrino pair production cross section as a function of the heavy
neutrino mass at the 13 TeV LHC at the LO and NLO-QCD levels. The effect of the scale variations
at the LO and NLO-QCD levels are shown as bands. The production cross section is normalized
by |V`N |4.
IV. VARIOUS DECAY MODES OF THE PAIR PRODUCED HEAVY NEUTRI-
NOS
In this section we will discuss various decay modes of the heavy neutrinos in the inverse
seesaw framework. The possible decay modes are
pp → NN,
N → `−1 W+,W+ → jj
N → `+2 W−,W− → jj (a)
pp → NN,
N → `−1 W+,W+ → `+2 ν
N → `+3 W−,W− → jj (b)
pp → NN,
N → `−1 W+,W+ → `+2 ν
N → `+3 W−,W− → `−4 ν (c)
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FIG. 6: Scale dependent heavy neutrino pair production cross section as a function of the heavy
neutrino mass at the 100 TeV hadron collider at the LO and NLO-QCD levels. The effect of the
scale variations at the LO and NLO-QCD levels are shown as bands. The production cross section
is normalized by |V`N |4.
(17)
The leading decay mode of the heavy neutrino irrespective of mass is N → W` as shown
in Fig. 1 is taken into our account. From this mode we have allowed W boson to decay
hadronically and leptonically respectively. Depending upon the decay modes of the W
boson we have various final states like 2`+2j from Eq. 17(a), 3`+2j+MET from Eq. 17(b)
and 4` + MET from Eq. 17(c). We have written these modes in the descending order of
the cross sections after the complete decay. However, in Eq. 17(b), the cross section can be
doubled taking other W decaying leptonically while the remaining one will show a hadronic
decay.
There are several other decay modes of the heavy neutrinos through the Z boson such as
N → Zν which can be expressed as
pp → NN,
N → νZ, Z → jj
N → νZ, Z → jj (a)
14
NN
W
W(a)
N
N
W
W
(b)
N
N
W
W
(c)
FIG. 7: Different decay modes of the heavy neutrinos after the pair production. We consider only
the N →W` mode because it is always maximum branching ratio according to Fig. 1
pp → NN,
N → νZ, Z → jj
N → νZ, Z → `` (b)
pp → NN,
N → νZ, Z → ``
N → νZ, Z → `` (c).
(18)
The heavy neutrino can display an on-shell decay into the SM Higgs with MET only if
mN > mΦ. In such cases the decay mode of the SM Higgs could be taken into bb as its
leading mode with mΦ = 125 GeV while 4b + MET final state. We did not consider these
modes in the present analysis. For the Higgs mediated cases a complete study has been
made in Ref. [160].
In this context, we can mention that the pair production of the heavy neutrinos is also
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FIG. 8: Scale dependent LO and NLO-QCD p`T (left column) and η
` (right column) distributions
of the heavy neutrino pair production followed by the decays of the heavy neutrinos into 2` + 4j
channel at the 13 TeV LHC for mN = 95 GeV.
possible from the U(1)′ extensions of the SM where the new U(1)′ gauge coupling squared
(g′
2
) will be involved in the cross section. The pair production is studied from the BSM
gauge boson, commonly known as Z ′. Pair production of the heavy neutrino followed by the
leading decay mode of the heavy neutrino (N → W`), one can study the several mutilepton
channels according to Eq. 17. In such models, the heavy neutrino is naturally Majorana
while generating the neutrino mass using the canonical seesaw mechanism from the U(1)′
symmetry breaking [160]3.
3 In Ref.[160] the authors have studied pp → Z ′ → NN using N → W` and N → hν followed h → bb. In
our analysis we always have the both N decaying into W` only, however, the W decays either leptonically
or hadronically because whatever be the situation. N → W` has the highest branching ratio. Where as
N → hν will be much less than that, see Fig. 1. For MN O(100 GeV), the N → hν mode has extremely
small branching ratio. In our case we have Z mediated heavy neutrino pair-production channel where the
mixing angle is directly involved in the production cross section. Using such pair-production channel in
the inverse seesaw framework, we are probing the mixing angle for the heavy neutrinos at the colliders
and these are not discussed in [160] as they were studying the pp→ Z ′ → NN mode in the U(1)′ inspired
model. They have also studied the 3` mode from the Z ′. However, the scale dependent variations in the
LO and NLO studies are also not discussed in Ref [160].
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FIG. 9: Scale dependent LO and NLO-QCD pjT (left column) and η
j (right column) distributions
of the heavy neutrino pair production followed by the decays of the heavy neutrinos into 2` + 4j
channel at the 13 TeV LHC for mN = 95 GeV.
A. 2`+ 4j final state
We consider the 2` + 4j final state from Eq. 17(a) as it produces the maximum cross
section. In Figs. 9-15 we have the scale dependent distributions of different kinematic vari-
ables for the LO and NLO-QCD processes using Eqs.15 and 16 respectively while the pair
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FIG. 10: Scale dependent LO and NLO-QCD m`` distributions of the heavy neutrino pair produc-
tion followed by the decays of the heavy neutrinos into 2` + 4j channel at the 13 TeV LHC for
mN = 95 GeV.
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FIG. 11: Scale dependent LO and NLO-QCD cos θ`` distributions of the heavy neutrino pair
production followed by the decays of the heavy neutrinos into 2`+ 4j channel at the 13 TeV LHC
for mN = 95 GeV.
produced heavy neutrinos show 2`+ 4j final state at the 13 TeV LHC with mN = 95 GeV.
To study this final state it is important to mention from Fig. 8 that one can use p`T > 15
GeV and |η`| < 2.5 as the leptons will be obtained at the central region. All the four jets are
coming from the W . It is expected that each of the jets will have peak around 40 GeV where
as a pjT cut about p
j
T > 25 GeV could be acceptable. The jets will also populate the central
region. Therefore a pseudo-rapidity cut |ηj| < 2.5 will be good to accept most of the signal
events. The scale dependent pjT and η
j distributions at the LO and NLO-QCD levels are
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FIG. 12: Scale dependent LO and NLO-QCD cos θjj distributions of the heavy neutrino pair
production followed by the decays of the heavy neutrinos into 2`+ 4j channel at the 13 TeV LHC
for mN = 95 GeV.
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FIG. 13: Scale dependent LO and NLO-QCD ∆φ`` distributions of the heavy neutrino pair pro-
duction followed by the decays of the heavy neutrinos into 2`+ 4j channel at the 13 TeV LHC for
mN = 95 GeV.
shown in Fig. 9 .The signal event will carry a pair of opposite sign same flavor (OSSF) dilep-
ton which is has been plotted in Fig. 10. The maximum number of events are distributed
below the Z-pole, the invariant mass (m``) could be selected using m`` < (mZ − 15) GeV
to avoid the OSSF dilepton from the Z boson in the SM background. However, a realistic
search for such channel from this model has not been performed yet.
The LO and NLO-QCD scale dependent distributions of the cosine of the angle between
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FIG. 14: Scale dependent LO and NLO-QCD ∆φjj distributions of the heavy neutrino pair pro-
duction followed by the decays of the heavy neutrinos into 2`+ 4j channel at the 13 TeV LHC for
mN = 95 GeV.
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FIG. 15: Scale dependent LO and NLO-QCD ∆φ`j distributions of the heavy neutrino pair pro-
duction followed by the decays of the heavy neutrinos into 2`+ 4j channel at the 13 TeV LHC for
mN = 95 GeV.
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the two leptons (cos θ`1`2) are plotted in Fig. 11 and the populated area can be obtained
when cos θ`1`2 > 0.5. The scale dependent distributions of the LO and NLO-QCD process
for the angles between all the combinations of the jets cos θjj are shown in Fig. 12 giving
rise to a populated area for the events when cos θjj > 0.5.
The azimuthal angular difference between the two leptons ∆φ`1`2 are shown in Fig. 13
where as that among the jets (∆φjj)are shown in Fig. 14. This distributions show that
the maximum number of events are obtained when ∆φ is close to 1800. Scale dependent
distributions of ∆φ`j are shown in Fig. 15 for the LO and the NLO-QCD levels. The distri-
butions for ∆φ`1j2 and ∆φ`2j3 are mostly probable when ∆φ close to zero. The distributions
for ∆φ`1j1 and ∆φ`2j4 are almost flat however the number of events with ∆φ`j < 50
0 are
little greater than those when ∆φ`j > 50
0. The other distributions for ∆φ`j show the high-
est probability of getting the events when ∆φ`j > 75
0. Such distributions are utilized to fix
the separation cuts between the leptons (∆R``), between the jets (∆Rjj) and between the
lepton-jets (∆R`j) because ∆R =
√
(∆η)2 + (∆φ)2 which is generally used between 0.3-0.4
for the hadron colliders.
We have studied the dilepton plus four jet signal events for the proposed 100 TeV hadron
collider with mN = 300 GeV. The p
`
T and η
` distributions are shown in Fig. 16. p`T > 90
GeV and |η`| < 2.5 could be good to select the leptons in the signal events repeating the
same pjT and η
j cuts used for the 13 TeV LHC because the jets in the signal events are
coming from the W boson. The corresponding scale dependent distributions for the jets at
the 100 TeV hadron collider at mN = 300 GeV are given in Fig. 17. For the invariant mass
(m``) cuts using the OSSF pairs, m`` > (mZ + 15) GeV could be used to accept the signal
events to avoid the SM backgrounds from the Z-pole.
Due to the dependence of µF on the scale factor ξ from the PDFs, a strong scale variation
in the LO is observed at both of the colliders whereas a comparatively soft scale variation
has been noticed in the NLO-QCD level as the strong coupling depends upon the µR as
αs(µR).
B. 3`+ 2j + MET final state
From Eq. 17(b) we study the 3` + 2j + MET where one of the W s coming from the
N will show leptonic decay mode and the remaining one will display hadronic decay mode
respectively.
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FIG. 16: Scale dependent LO and NLO-QCD p`T (left column) and η
` (right column) distributions
of the heavy neutrino pair production followed by the decays of the heavy neutrinos into 2` + 4j
channel at the 100 TeV hadron collider for mN = 300 GeV.
The p`T and η
` distributions for the 13 TeV LHC case with mN = 95 GeV are shown
in Fig. 19 for the scale dependent LO and NLO-QCD processes. `2 is produced after the
decay of the W boson which can be considered as the leading lepton. For the leading lepton,
a selection of p`,leadingT > 20 GeV could be applicable to accept most of the signal events
with respect to the SM backgrounds. For the trailing leptons coming from the N decays
could have the transverse momentum cut p`,trailingT > 15 GeV. As the jets are coming from
the W , the transverse momenta of the jets are likely to have peaks around 40 GeV and the
pseudo-rapidity cuts for the jets can be considered as |ηj| < 2.5. The scale dependent LO
and NLO-QCD histograms are shown in Fig. 20.
Depending upon the scale dependent EmissT distributions at the LO and NLO-QCD levels
from Fig. 21 two regions can be selected for the study of the signal and the backgrounds.
The regions are shown in Tab. I.
The invariant mass distributions for the three combinations of the leptons are given in
Fig. 22. In the trilepton event `−1 `
+
2 `
+
3 there are two same sign leptons which make two
OSSF pairs `−1 `
+
2 and `
−
1 `
+
3 , however, there could be one OSSF pair due to
W+ → `′+2 ν (19)
22
LO Ξ =0.1
LO Ξ =1.0
LO Ξ =10.0
NLO Ξ =0.1
NLO Ξ =1.0
NLO Ξ =10.0
0 100 200 300 400 500
0
2
4
6
8
10
pT
j1HGeVL
d
Σ
d
p
T
j 1
Hfb
2
0
G
eV
L
pT
j1
LO Ξ =0.1
LO Ξ =1.0
LO Ξ =10.0
NLO Ξ =0.1
NLO Ξ =1.0
NLO Ξ =10.0
-6 -4 -2 0 2 4 6
0.0
0.5
1.0
1.5
2.0
2.5
3.0
Η j1
d
Σ
d
Η
j 1
Hfb
0.
2
5
L
Η j1
LO Ξ =0.1
LO Ξ =1.0
LO Ξ =10.0
NLO Ξ =0.1
NLO Ξ =1.0
NLO Ξ =10.0
0 100 200 300 400
0
2
4
6
8
10
12
pT
j2HGeVL
d
Σ
d
p
T
j 2
Hfb
2
0
G
eV
L
pT
j2
LO Ξ =0.1
LO Ξ =1.0
LO Ξ =10.0
NLO Ξ =0.1
NLO Ξ =1.0
NLO Ξ =10.0
-6 -4 -2 0 2 4 6
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
Η j2
d
Σ
d
Η
j 2
Hfb
0.
2
5
L
Η j2
LO Ξ =0.1
LO Ξ =1.0
LO Ξ =10.0
NLO Ξ =0.1
NLO Ξ =1.0
NLO Ξ =10.0
0 100 200 300 400 500 600
0
2
4
6
8
PT
j3HGeVL
d
Σ
d
p
T
j 3
Hfb
2
0
G
eV
L
pT
j3
LO Ξ =0.1
LO Ξ =1.0
LO Ξ =10.0
NLO Ξ =0.1
NLO Ξ =1.0
NLO Ξ =10.0
-6 -4 -2 0 2 4 6
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
Η j3
d
Σ
d
Η
j 3
Hfb
0.
2
5
L
Η j3
LO Ξ =0.1
LO Ξ =1.0
LO Ξ =10.0
NLO Ξ =0.1
NLO Ξ =1.0
NLO Ξ =10.0
0 100 200 300 400 500 600
0
2
4
6
8
10
pT
j4HGeVL
d
Σ
d
p
T
j 4
Hfb
2
0
G
eV
L
pT
j4
LO Ξ =0.1
LO Ξ =1.0
LO Ξ =10.0
NLO Ξ =0.1
NLO Ξ =1.0
NLO Ξ =10.0
-6 -4 -2 0 2 4 6
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
Η j4
d
Σ
d
Η
j 4
Hfb
0.
2
5
L
Η j4
FIG. 17: Scale dependent LO and NLO-QCD pjT (left column) and η
j (right column) distributions
of the heavy neutrino pair production followed by the decays of the heavy neutrinos into 2` + 4j
channel at the 100 TeV hadron collider for mN = 300 GeV.
where `+2 6= `′+2 . Therefore the trilepton mode will look like
pp → NN,
N → `−1 W+,W+ → `+2 ν/`′
+
2 ν
N → `+3 W−,W− → jj. (20)
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FIG. 18: Scale dependent LO and NLO-QCD EmissT distributions of the heavy neutrino pair pro-
duction followed by the decays of the heavy neutrinos into 2`+ 4j channel at the 100 TeV hadron
collider for mN = 300 GeV.
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FIG. 19: Scale dependent LO and NLO-QCD p`T (left column) and η
`(right column) distributions of
the heavy neutrino pair production followed by the decays of the heavy neutrinos into 3`+MET+2j
channel at the 13 TeV LHC for mN = 95 GeV.
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FIG. 20: Scale dependent LO and NLO-QCD pjT (left column) and η
j(right column) distributions of
the heavy neutrino pair production followed by the decays of the heavy neutrinos into 3`+MET+2j
channel at the 13 TeV LHC for mN = 95 GeV.
Selections
Region-I EmissT < 50 GeV
Region-II 50 GeV < EmissT < 100 GeV
TABLE I: Selection regions based on EmissT
These OSSF pairs could be utilized for giving the invariant mass cut to allow the signal
region below the Z pole such as m`` < (mZ − 15) GeV in the trilepton mode 4.
The scale dependent LO and NLO-QCD distributions of the angles between the different
combinations of the leptons are shown in Fig. 23 and those between the jets are shown in
Fig. 24. It shows that most of the events have been stored at the region cos θ``/`j > 0.5.
The difference between the azimuthal angles of the leptons are plotted in Fig. 25 and those
between the jets are plotted in Fig. 26. In ∆φ`1`2 most of the events are obtained ∆φ`` < 100
0
4 There is another possible trilepton mode which could be written as
pp → NN,N → `−1 W+,W+ → jj,N → `+2 W−,W− → `−3 ν/`′
−
3 ν (21)
Where `3 will be leading lepton
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FIG. 21: Scale dependent LO and NLO-QCD EmissT distributions of the heavy neutrino pair pro-
duction followed by the decays of the heavy neutrinos into 3`+ MET + 2j channel at the 13 TeV
LHC for mN = 95 GeV.
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FIG. 22: Scale dependent LO and NLO-QCD m`` distributions of the heavy neutrino pair produc-
tion followed by the decays of the heavy neutrinos into 3`+ MET + 2j channel at the 13 TeV LHC
for mN = 95 GeV.
and the opposite thing happens for ∆φ`2`3 , ∆φ`3`1 and ∆φjj for the jets from Fig. 26.
To study the behavior of the trilepton decay mode plus MET and two jets at the 100
TeV, we consider mN = 300 GeV. The p
`
T and η
` distributions for the leptons are plotted
in Fig. 27. For the leading leptons a transverse momentum cut p`,leadingT > 90 GeV and
for the trailing lepton a transverse momentum cut p`,trailingT > 30 GeV could be applicable.
A pseudo-rapidity cut for the leptons, |η`| < 2.5 could be considered to accept the signal
events.
A transverse momentum cut pjT > 30 GeV and pseudo-rapidity cut |ηj| < 2.5 could be
good to consider the jets coming from the W bosons decay in the hadronic mode. The
corresponding distributions are plotted in Fig 28. The invariant mass distributions are
given in Fig. 29 and like the 13 TeV LHC we can construct the OSSF pairs and we can use
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FIG. 23: Scale dependent LO and NLO-QCD cos θ`` distributions of the heavy neutrino pair
production followed by the decays of the heavy neutrinos into 3` + MET + 2j channel at the 13
TeV LHC for mN = 95 GeV.
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FIG. 24: Scale dependent LO and NLO-QCD cos θjj distributions of the heavy neutrino pair
production followed by the decays of the heavy neutrinos into 3` + MET + 2j channel at the 13
TeV LHC for mN = 95 GeV.
an invariant mass cut of m`` > (mZ + 15) GeV to screen the signal events from the SM
backgrounds. It will be good to consider the EmissT > 50 GeV as plotted in Fig. HC 300-3l4.
C. 4`+ MET final state
In this section we discuss the complete leptonic decay modes of the W bosons produced
from the right handed heavy neutrino. As a result the final state will contain 4` + MET
signal events. We have chosen mN = 95 GeV at the 13 TeV LHC. The p
`
T and η
` are given
in Figs. 31 . The 4` are coming from the right handed heavy neutrino decay and followed by
the leptonic decay of the W boson. In this case there will be several combinations between
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FIG. 25: Scale dependent LO and NLO-QCD ∆φ`` distributions of the heavy neutrino pair pro-
duction followed by the decays of the heavy neutrinos into 3`+ MET + 2j channel at the 13 TeV
LHC for mN = 95 GeV.
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FIG. 26: Scale dependent LO and NLO-QCD ∆φjj distributions of the heavy neutrino pair pro-
duction followed by the decays of the heavy neutrinos into 3`+ MET + 2j channel at the 13 TeV
LHC for mN = 95 GeV.
the leptons as
pp → NN,
N → `−1 W+,W+ → `+2 ν/`′
+
2 ν
N → `+3 W−,W− → `−4 ν/`′
−
4 ν. (22)
The leading leptons are coming from the decay of the W boson. In such case to survive with
maximum number of the events, a transverse momentum cut on the leading leptons could
be p`,leadingT > 25 GeV and the trailing leptons from the N decay could have a transverse
momentum cut p`,trailingT > 15 GeV.
The invariant mass (m``) distributions of the leptons are given in Fig. 32. A cut of
m`` < (mZ − 15) GeV could be applied to avoid the SM backgrounds coming from the Z
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FIG. 27: Scale dependent LO and NLO-QCD p`T (left column) and η
` (right column) distributions of
the heavy neutrino pair production followed by the decays of the heavy neutrinos into 3`+MET+2j
channel at the 100 TeV hadron collider for mN = 300 GeV.
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FIG. 28: Scale dependent LO and NLO-QCD pjT (left column) and η
j (right column) distributions of
the heavy neutrino pair production followed by the decays of the heavy neutrinos into 3`+MET+2j
channel at the 100 TeV hadron collider for mN = 300 GeV.
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FIG. 29: Scale dependent LO and NLO-QCD m`` distributions of the heavy neutrino pair pro-
duction followed by the decays of the heavy neutrinos into 3`+ MET + 2j channel at the 100 TeV
hadron collider for mN = 300 GeV.
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FIG. 30: Scale dependent LO and NLO-QCD EmissT distributions of the heavy neutrino pair pro-
duction followed by the decays of the heavy neutrinos into 3`+ MET + 2j channel at the 100 TeV
hadron collider for mN = 300 GeV.
boson decay into OSSF lepton pair. The LO and NLO-QCD distributions of ∆φ`` between
the leptons in the azimuthal plane are plotted in Fig. 33 where the distributions of ∆φ`1`2
and ∆φ`1`2 showed that most of the events are obtained from ∆φ`` < 100
0 where as the for
the other combinations, ∆φ`` > 100
0 could be applicable. From the MET distribution in
Fig. 34, the selection region is given in Tab. II.
Selection
Region-I EmissT > 50 GeV
TABLE II: Selection regions based on EmissT
At the 100 TeV hadron collider, we choose mN = 300 GeV. The scale dependent LO
and NLO-QCD distributions for the p`T and η
` are shown in Figs. 35. For the leading
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FIG. 31: Scale dependent LO and NLO-QCD p`T (left column) and η
` (right column) distributions
of the heavy neutrino pair production followed by the decays of the heavy neutrinos into 4`+MET
channel at the 13 TeV LHC for mN = 95 GeV.
lepton we can choose a transverse momentum cut p`,leadingT > 90 GeV and for the transverse
momentum of the trailing leptons we use p`,trailingT > 40 GeV. A pseudo-rapidity cut for the
leptons, |η`| < 2.5 can be considered for the signal events.
The invariant mass (m``) distributions of the leptons are shown in Fig. 36. A cut of
m`` > (mZ + 15) GeV could be applied to accept the leptons above the Z pole and to avoid
the SM backgrounds coming from the Z boson decay into the charged lepton pair.
From the MET distribution in Fig. 33, the selection region is given in Tab. III.
The scale variations according to Eqs. 15 and 16 are used to generate the events for the
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FIG. 32: Scale dependent LO and NLO-QCD m`` distributions of the heavy neutrino pair produc-
tion followed by the decays of the heavy neutrinos into 4`+ MET channel at the 100 TeV LHC for
mN = 95 GeV.
Selection
Region-I EmissT > 75 GeV
TABLE III: Selection regions based on EmissT
LO and NLO processes. The NLO processes are softer compared to the LO processes due
to the involvement of the strong coupling constant as a function of ξ.
For all these processes, the heavy neutrino can be reconstructed from the invariant mass
of the 2`ν system or `2j system using a window cut of 20 GeV- 25 GeV depending upon
the detector and its efficiency.
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FIG. 33: Scale dependent LO and NLO-QCD ∆φ`` distribution of the heavy neutrino pair produc-
tion followed by the decays of the heavy neutrinos into 4`+ MET channel at the 13 TeV LHC for
mN = 95 GeV.
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FIG. 34: Scale dependent LO and NLO-QCDm`` distribution of the heavy neutrino pair production
followed by the decays of the heavy neutrinos into 4` + MET channel at the 13 TeV LHC for
mN = 95 GeV.
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FIG. 35: Scale dependent LO and NLO-QCD p`T (left column) and η
` (right column) distributions
of the heavy neutrino pair production followed by the decays of the heavy neutrinos into 4`+MET
channel at the 100 TeV hadron collider for mN = 300 GeV.
V. SCALE DEPENDENT PROSPECTIVE SEARCH REACHES OF THE MIX-
ING ANGLES FROM THE MULTILEPTON FINAL STATES
Only in the inverse seesaw model we have a freedom to consider two typical cases for the
flavor structure where the Dirac mass (mD =
yDv√
2
) and the small lepton number violating
mass (µ) terms play important roles as free parameters. In order to keep the discussion
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FIG. 36: Scale dependent LO and NLO-QCDm`` distribution of the heavy neutrino pair production
followed by the decays of the heavy neutrinos into 4`+MET channel at the 100 TeV hadron collider
for mN = 300 GeV.
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FIG. 37: Scale dependent LO and NLO-QCD EmissT distribution of the heavy neutrino pair produc-
tion followed by the decays of the heavy neutrinos into 4`+ MET channel at the 100 TeV hadron
collider for mN = 300 GeV.
35
simple we consider the degeneracy of the heavy neutrinos in mass such as mN = M1 for the
following cases:
(1) We consider a case where µ is proportional to the unit matrix, µ ∝ µ1. In this case,
the flavor structure of the neutrino mass (mISSν ) is carried out by the Dirac mass term
mD. We call it Flavor Non-Diagonal (FND) case. An elaborate numerical analysis
has been shown for this flavor structure in [145] while satisfying the non-unitarity
conditions and as well as Lepton Flavor Violation (LFV) bounds under the general
parametrization. However, the Casas- Ibarra [172] parametrization can be successfully
used to study the FND processes to enhance the cross section.
(2) On the other hand, we have another possibility called Flavor Diagonal (FD) case
where mD is proportional to the unit matrix, mD ∝ mD1 and the flavor structure
is embedded in the small lepton number violating mass term µ. A trilepton analysis
from the charged current interaction Eq. 10 with associated jets from the quark-gluon
fusion (qg) has been studied in [146] with a jet transverse momentum cut of pjT > 30
GeV.
In this current work we assume FD case5, 6 with diagonalmD andmN matrices to suppress
the effects from the LFV processes. We also consider the 3` and 4` final states to compare
with the anomalous multilepton searches made by the CMS [143]. We use the observed
number of events and the corresponding SM expectations. Using the events we will estimate
5 In case of the inverse seesaw model we can consider the FD case which is not possible in the type-I seesaw
framework because in type-I seesaw, the Dirac Yukawa has to carry the flavors. As there is no µ term in
type-I seesaw, the possibility of the FD case will not arise. If we study the type-I case then the signal
will be pp → NN,N → `±W∓, N → `±W∓. W can decay leptonically or hadronically depending upon
the choice. The same sign leptons coming out of the heavy neutrinos will be the distinguishing mode. A
complete study of such model could be interesting in future if a sizable mixing angle is possible. However
in Ref.[107] it has been estimated that the heavy neutrinos in the type-I seesaw model will have the
squared of the mixing angle O(10−12) even if Casas- Ibarra parametrization is applied. They have also
showed the FCC-ee prospective exclusion limit for the heavy neutrino mass of the O(100 GeV). Therefore
type-I seesaw case is not discussed here. In addition to that the LFV will be an important issue for the
FND cases even in type-I seesaw where µ→ eγ constraints will be strongly applicable even in the general
parametrization [182].
6 In Ref. [160], the authors have studied the 3`+MET+2j case and the N → hν followed by h → bb for
mN = 150 GeV where BR(N → hν) ∼ 3.86%, for mN = 700 GeV, BR(N → hν) = 23.95% and for
mN = 5 TeV, BR(N → hν) = 25%. In our case 3`+ MET + 2j is coming from the purely inverse seesaw
model in FD case. Irrespective of the final states, BR(N →W`) ≥ 50% in our case always.
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a direct upper bound on the elements of the mixing angles for the FD case. In [145], it is
explicitly shown that the light neutrino oscillation data is satisfied for the FD case for a
suitable flavor structure of the µ term. One can even make a simplified benchmark situation
considering one of the right handed heavy neutrino at the electroweak scale, when the others
are too heavy for the reach of the LHC and even 100 TeV hadron collider. This case can be
considered as the Single Flavor (SF) case. As a choice we consider that the heavy neutrino
is coupled to the second generation of the lepton (µ). For the 3` case the signal events will
follow
pp → NN,
N → µ−W+,W+ → µ+ν/e+ν
N → µ+W−,W− → jj. (23)
and
pp → NN,
N → µ−W+,W+ → jj
N → µ+W−,W− → µ−ν/e−ν. (24)
Note that in this case, the lightest heavy-neutrino branching ratio is independent of the
square of the mixing parameter (|VµN |2). The mixing angle only affects the production
cross section through the Eq. 12. As a result the pair production cross section is directly
proportional to the fourth power of the mixing angle (σ(mN)
LO/NLO ∝ |V`N |4). Using such
dependency we can constrain |V`N |2 =
√|V`N |4 as a function of mN . Similarly for the 4`
case we can do the same while W → µν/eν will replace W → jj in Eqs. 23 and 24.
In the FD case, for simplicity we consider two degenerate heavy neutrinos with the same
mass mN . We assume that one of them couples with the electrons, and the other one with the
muons, but both of them have same strength of coupling such that |VeN1 |2 = |VµN2|2 = |V`N |2.
Due to the smallness of lepton number violating mass term µ in the inverse seesaw, the
neutrinoless double beta decay will be suppressed and as well as the LFV constraints. Hence
the FD case will be well allowed. In the 3` and 4` cases the FD case is twice as large as the
SF case. Due to simplicity we will put the upper bounds on the FD case for ξ = 0.1, 1.0, 10.0
as a function of mN for the 3` and 4` cases.
We use the CTEQ6l1 PDF (CTEQ6M PDF) [173] for generating the LO (NLO with µF = µR)
process to compute the scale dependent 3` and 4` events with ξ = 0.1, 1.0 and 10.0 at
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s = 13 TeV LHC and 100 TeV hadron collider using MadGreph-aMC@NLO bundled with
PYTHIA6Q using anti-kT algorithm for jet clustering in FastJet. We use the hadronized
events in Delphes [174] to produce events after the detector simulation. After the detector
simulation we have considered the events with 3`+EmissT + 2−jets and 4`+EmissT + n−jets
where n = 0, 1, 2, 3.
The recent CMS study on the anomalous multilepton search at the 8 TeV with 19.5 fb−1
luminosity[143] has analyzed the 3`+ MET and 4`+ MET final states separately. Adopting
the results of their searches for our two different final states we put prospective upper bounds
on the mixing angle squared |V`N |2 at the HL-LHC at the 13 TeV LHC with a luminosity of
3000 fb−1 and at the 100 TeV hadron collider with luminosities 3000 fb−1 and 30000 fb−1.
The cuts we used from Ref.[143] in our analysis are listed as :
(i) The transverse momentum of each lepton : p`T > 10 GeV.
(ii) The transverse momentum of at least one (leading) lepton : p`, leadingT > 20 GeV.
(iii) The jet transverse momentum : pjT > 30 GeV.
(iv) The pseudo-rapidity of leptons: |η`| < 2.4 and of jets : |ηj| < 2.5.
(v) The lepton-lepton separation: ∆R`` > 0.1 and the lepton-jet separation : ∆R`j > 0.3.
(vi) The invariant mass of each OSSF (opposite-sign same flavor) lepton pair : m`+`− < 75
to avoid the on-Z region which was excluded from the search made the CMS. Events
with m`+`− < 12 GeV are rejected to eliminate background from low-mass Drell-Yan
processes and hadronic decays.
(vii) The scalar sum of the transverse momenta of the jets : HT < 200 GeV.
(viii) The missing transverse energy : EmissT < 50 GeV.
To derive the the limits on |V`N |2, we calculate the signal cross-section normalized by
the fourth power of the mixing angle (|V`N |4) as a function of mN in the FD case. Using
of the CMS selection criteria listed above for the LO process and the NLO processes using
ξ = 0.1, 1.0, 10.0 for the detector events from DELPHES, we compare them with the observed
number of events at the 19.5 fb−1 luminosity from Ref.[143]. For the selection criteria listed
above, the CMS observed:
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(a) 510 events with the SM background expectation of 560±87 events for m`+`− < 75 GeV
(Below-Z).
(b) 7 events with the SM background expectation of 8.9±2.4 events for off-Z (excluding
the Z pole by (mZ ∓ 15) GeV)
In case (a) we have an upper limit of 37 signal events and case (b) leads to an upper limit
of 0.5 signal events. Using these limits, we can set prospective upper bounds on |V`N |4 as a
function of mN for the scale dependent LO and NLO-QCD processes at the HL-LHC and
100 TeV hadron collider for ξ = 0.1, 1.0, 10.0. These are displayed in Figs. 38 (3`) and 39
(4`) for simplicity. SF case can easily be estimated diving the FD case by two.
VI. CONCLUSION
In this paper we have discussed the possible models for the neutrino mass generation.
The type-I and the inverse seesaw models are probably the simplest ideas amongst them to
realize the neutrino mass through the extensions of the SM.
In this paper we have picked up the inverse seesaw model because it could have the order
one light-heavy mixing. In the inverse seesaw model the heavy neutrinos are pseudo-Dirac
in nature. Such heavy neutrinos can be produced at the high energy colliders such as 13
TeV HL-LHC and 100 TeV hadron collider with 3000 fb−1 and 30000 fb−1 luminosities.
We have studied specially the neutral current sector where these heavy neutrinos can be
produced in a pair through the off-shell Z boson exchange at the hadron colliders. To produce
such processes we have used the LO and NLO-QCD processes where the factorization and
renormalization scales were varying from a low value to a high value. Such production cross
sections will be proportional to the fourth power of the mixing angle. We have noticed that
the NLO-QCD scale dependence is softer compared to that of the LO scale variation due to
the presence of the strong coupling constant such as, αs(µR). There is one more very clear
reason to consider the inverse seesaw model. In this model framework it is only possible to
study the FD case. This is not possible in the conventional type-I seesaw model.
In this paper we have only considered the leading decay mode of the heavy neutrino
which can be realized as N → W`. Depending upon the hadronic and leptonic decays of
the W boson we get several final states containing two, three and four leptons. We have
showed the distributions of different kinematic variables of the leptons, jets, and the missing
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FIG. 38: The prospective upper bounds on the light-heavy neutrino mixing angles |V`N |2 as a
function of the right handed heavy pseudo-Dirac neutrino mass mN at with 3000 fb
−1 luminosity
at the 13 TeV HL-LHC (left panel), 100 TeV hadron collider (right panel) and with 30000 fb−1
luminosity at the 100 TeV hadron collider (lower panel), derived from the CMS trilepton data at
√
s =8 TeV LHC for 19.5 fb−1 luminosity[143] at 95 % CL. We have considered the scale dependent
NLO case(ξ = 0.1, 1.0, 10.0) for the trilepton plus missing energy final state. Some relevant existing
upper limits (all at 95% CL) are also shown for comparison: (i) from a χ2-fit to the LHC Higgs
data [48] (Higgs), (ii) from a direct search at LEP [175](L3), valid only for the electron flavor,
(iii) ATLAS limits from
√
s = 7 TeV LHC data [176] (ATLAS7) and
√
s =8 TeV LHC data [177]
(ATLAS8), valid for a heavy Majorana neutrino of the muon flavor, (iv) CMS limits from
√
s =8
TeV LHC data [178] (CMS8), for a heavy Majorana neutrino of the muon flavor and (v) indirect
limits from the global fit to the electroweak precision data (EWPD) from [179–181] for electron
(cyan, EWPD-e(old)) and muon (cyan, EWPD-µ(old)) flavors(new values can be found from [56],
for tau (dotted, EWPD- τ), electron (solid, EWPD- e) and muon (dashed, EWPD- µ) flavors).
Here FD75 is the flavor diagonal cases below the Z-pole.
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FIG. 39: The prospective upper bounds on the light-heavy neutrino mixing angles |V`N |2 as a
function of the right handed heavy pseudo-Dirac neutrino mass mN at with 3000 fb
−1 luminosity
at the 13 TeV HL-LHC (left panel), 100 TeV hadron collider (right panel) and with 30000 fb−1
luminosity at the 100 TeV hadron collider (lower panel), derived from the CMS trilepton data at
√
s =8 TeV LHC for 19.5 fb−1 luminosity[143] at 95 % CL. We have considered the scale dependent
NLO case(ξ = 0.1, 1.0, 10.0) for the trilepton plus missing energy final state. Some relevant existing
upper limits (all at 95% CL) are also shown for comparison: (i) from a χ2-fit to the LHC Higgs
data [48] (Higgs), (ii) from a direct search at LEP [175](L3), valid only for the electron flavor,
(iii) ATLAS limits from
√
s = 7 TeV LHC data [176] (ATLAS7) and
√
s =8 TeV LHC data [177]
(ATLAS8), valid for a heavy Majorana neutrino of the muon flavor, (iv) CMS limits from
√
s =8
TeV LHC data [178] (CMS8), for a heavy Majorana neutrino of the muon flavor and (v) indirect
limits from the global fit to the electroweak precision data (EWPD) from [179–181] for electron
(cyan, EWPD-e(old)) and muon (cyan, EWPD-µ(old)) flavors(new values can be found from [56],
for tau (dotted, EWPD- τ), electron (solid, EWPD- e) and muon (dashed, EWPD- µ) flavors).
Here FDoff−Z is the flavor diagonal cases off − Z-pole.
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transverse energy. We have noticed that the NLO-QCD accuracy is very stable with respect
to the large scale variations while the LO suffered from substantial changes.
From the 3` + 2j + MET signal state the jets are coming from the hadronic decay of
the W , we compare our final state with the anomalous multilepton search made by CMS at
the 8 TeV. Using the selection cuts used by CMS, we have obtained the prospective search
reach on |V`N |2 at the HL-LHC with 13 TeV center of mass energy and 3000 fb−1 luminosity.
We have also studied the same channel for the proposed 100 TeV hadron collider at the
3000 fb−1 and 30000 fb−1 luminosities. At the 13 TeV, the result will be comparable to the
EWPD for the µ flavor where as it has a very good possibility to be improved up to an
order of magnitude at the 100 TeV so that it can better than the EWPD. The NLO-QCD
processes are more stable under the scale variation in comparison to the LO processes.
We have also studied the 4` + MET final state for the HL-LHC at the 13 TeV collider
energy at the 3000 fb−1 luminosity and at the 100 TeV hadron collider at the luminosities of
3000 fb−1 and 30000 fb−1 respectively. Comparing the anomalous multilepton search made
by CMS at the 8 TeV and the using the selection cuts we obtain the prospective search
reaches at the high energy colliders. The 13 TeV result is comparable to the EWPD with
the µ flavor whereas at the 100 TeV collider the search reach can be one order of magnitude
improved. The NLO processes are quite stable with respect to the scale variation compared
to the LO processes.
From such channels we can probe the low mass heavy neutrino while the mass of the
heavy neutrino ranges between 95 GeV - 160 GeV. Currently the LHC is at the phase of
Run-II and it has a good prospect at the high luminosity era where a dedicated search for
such interactions and the final states can reveal more improved features. Of course, the
proposed 100 TeV collider will be a very appropriate machine to probe such multilepton
channels in future.
In the upcoming paper we will discuss the prospects of the pair-production of the heavy
neutrinos followed by its various decay modes at the different high energy colliders from the
other extensions of the SM. We will also adress the possible BSM phenomenologies of such
models in [183].
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